Rock burst is one of the typical dynamic disasters in coal mining. In order to reveal the mechanism of rock burst from the energy view point, the relationships between the maximum, minimum, and intermediate principal stresses and the concentration coefficients of the gravity stress k1, k2, and k3 are determined through the geostress measurement combined with engineering practice of coal mining. e coal and rock system model based on the tectonic stress is established. e relationship between energy and scale radius of the coal and rock system is determined to reveal the law of energy accumulation, release, and transfer in the coal and rock system. In view of the characteristics of the porous medium in the coal seam, the measures of water injection are put forward to relieve pressure in the coal seam, and the law of water seepage in the process of water injection in the coal seam is studied based on the seepage mechanics. e result shows that the trend of released energy of damaged coal has good consistency with the variation of permeability, and water injection can reduce the stress concentration and energy concentration of the rock burst system. e engineering practice of the rock burst prevention was taken in Yuejin Coal Mine. e energy characteristics of the coal and rock system in the working face are analyzed, and the measures of water injection and the corresponding parameters are determined.
Introduction
Coal is the main energy resource and important chemical raw material in China. According to the sustainable development strategy report of China, it is estimated that coal consumption will still account for more than 50% of the total energy consumption in 2050 [1] . In 2017, the production of raw coal in China is 3.52 billion tons with the data released by the National Bureau of Statistics. However, underground mining is a main means of coal resource mining in China, which is often associated with dynamic disaster phenomena [2] [3] [4] . Rock burst is a typical dynamic disaster in the process of coal mining. During rock burst, coal and rock will suddenly be crushed and ejected into the working space [5, 6] when the coal and rock mechanic system reaches its ultimate strength, accompanied by sharp and violent shock and bomb, which will cause equipment damage and casualties [7, 8] . With the increasing mining depth, dynamic disasters, such as rock burst, will be more serious and become a great threat to coal mine safety production (Figure 1) . By now, there are approximately 210 coal mines where rock burst has occurred in China, as the numbers, intensity, and frequency of this disaster are still increasing.
e mechanism of rock burst has been a long-standing and unsolved scientific problem in the field of mining engineering and rock mechanics. Some theories have been proposed, such as the instability theory, the strength theory, the stiffness theory, the impact orientation theory, and the energy theory [9] [10] [11] [12] [13] . Recently, with the application of interdisciplinary and nonlinear science, as well as the computer simulation technology in the research of rock burst, the research methods of CT scanning, 3D printing, and 3D numerical simulation were used to study the conditions of the inoculation and occurrence of rock outburst under the dynamic and static combined stress in the mesoscale, experimental scale, and engineering scale [14] [15] [16] [17] . It has become a research hotspot to reveal the unstable evolution process of the rock and coal structure under rock outburst and to explore effective prevention and control measures for rock burst [18] [19] [20] . Because of the complexity of the rock burst, most of the above studies are the mechanism and experimental analysis, which is hard to effectively verify insite. A unified understanding of rock outburst has not yet formed when this great limitation is confronted.
e inoculation of rock burst is affected by the stress concentration and strain energy in the regional coal and rock system, which should have a certain scale range. In terms of the energy characteristics of rock burst, a coal and rock system model was established based on the tectonic stress field, and the energy concentration, release, and transfer law of the coal and rock system were analyzed. e water injection measure for stress relief was put forward to determine the relationship between the trend of released energy and the permeability variation of damaged rock mass so as to reveal the law of water migration in the coal and rock system.
Distribution Characteristics of Geostress
Field in Coal Mines with Rock Burst Risk
Measurement of Geostress in Coal Mines with Rock Burst
Risk. e International Union of Geological Sciences and International Union of Geodesy and Geophysics listed ground stress research as a key content for the international solid geoscience research program and pointed out that "the research on ground stress has distinctive importance on learning composition activity process and the direction and grade of ground stress is a requisite to learn all the problems on geological structure." e research showed that disasters like earthquake in the world happened in the tectonic mobile zone where horizontal or nearly horizontal stress activities were advantageous, while strong earthquakes do not happen in areas where horizontal stress equaled vertical stress or vertical stress was greater than horizontal stress [21] . Based on the above opinion on the ground stress field and in terms of engineering practice on mine rock burst in China, the widely applied hollow inclusion stress method is adopted to measure the mine ground stress of the Pingdingshan No. 12 Mine, Buxin Wulong Mine, Daitaijing.
e maximum principal stress, intermediate principal stress, and minimum principle stress are shown by σ 1 , σ 2 , and σ 3 . Table 1 lists the measurement results of the ground stress and stress at measuring points in the mine zones (mines).
Measured Results of Geostress Field

Distribution Laws of the Maximum Principal Stress σ 1 .
According to the practically measured material, the variation curve of the maximum principal stress changing with depth can be obtained (Figure 2) , and regression coefficient k 1 � 1.9656 ≈ 1:
where c is the volume-weight (N/m 3 ) and h is the buried depth (m).
Distribution Laws of the Vertical Stress σ 2 .
According to the practically measured material, the relationship of vertical stress and depth can be obtained (Figure 3) , and regression coefficient k 2 � 1.1392 ≈ 1.0: 3 . According to the practically measured material, the relationship of vertical stress and depth can be obtained (Figure 4) , and regression coefficient k 3 � 0.7149 ≈ 0.7:
Distribution Laws of the Minimum Horizontal Stress σ
From formulas (1)-(3), σ 1 , σ 2 , σ 3 , and ch show the linear distribution characteristic and k 1 � 2, k 2 � 1.0, and k 3 � 0.7.
e tectonic stress field of China is affected by the collision and extrusion of the surrounding plates, and the Advances in Civil Engineeringstress field in the spatial distribution is characterized by the homogeneity of the large region and the inhomogeneity of the local area, and it is relatively stable in temporal distribution. According to the measured results of the geostress of many coal mines with rock burst risk in China, the rock bursts mostly happened under the condition of the tectonic stress field and mainly with the horizontal extrusion type of the maximum principal stress and with the same direction of the regional tectonic stress field.
Energy Distribution Characteristics of Coal and Rock System
Analysis of Elastic Energy of Mine Volume Accumulation.
e rock burst dynamic system on the original rock stress field is mainly affected by the coeffect of the self-weight stress field and tectonic stress field.
e energy-bursting ground stress dynamic system is mainly produced by the self-weight stress field and tectonic stress field. When the effect of engineering activity bothers the original rock balance, energy will be released and transferred. In other words, the elastic energy of high volume accumulation of mines is a prerequisite for rock burst. Elastic mechanics held that any of the unit of earth crust's rock was affected by stresses at three directions, and the units were under elastic formation condition.
e unit volume accumulation elasticity deformability is shown in Figure 5 , and the elasticity deformability energy under the original rock stress field can be expressed as
where U 0 is the elastic energy accumulated in unit volume (J/m 3 ), σ i is the principal stress in three directions (MPa), E is the elasticity module (GPa), and μ is the Poisson ratio.
Analysis of Energies of Coal and Rock
System. Rock burst is produced by the coeffect of the self-weight stress field and tectonic stress field. By analysis, the rock burst condition to the burst ground pressure mine in China happened commonly in the tectonic stress field. It can be taken that the tectonic stress field is the main factor to cause rock burst. On the tectonic stress field, when the storage energy of the rock burst dynamic system reaches the critical value to cause rock burst, rock burst will happen if evoked by external mining project activity. In order to better understand the relationship between the energy of the rock burst dynamic system and rock burst, this paper establishes a model for the "spherical" rock burst dynamic system (Figure 6 ), and the energy of the rock burst dynamic system under tectonic stress field condition can be obtained:
where V is the volume of the rock burst dynamic system (m
) and R is the dimensional radius of the rock burst dynamic system (m).
Formulas (1)- (5) were used to obtain the energy of the rock burst dynamic system under tectonic stress field condition: Advances in Civil Engineering
Relationship between the Energy and the Size Scale of Coal and Rock
System. e stored energy in the coal and rock system is in a relatively stable state when it is not affected by excavation. Under the influence of excavation engineering disturbance, the coal and rock system may enter the substable state, and the energy of the whole system will reach its critical state followed by the instantaneous release of energy to form a rock burst disaster. en, the coal and rock system will form a new equilibrium state, and the energy begins to transfer-aggregate-get stored again. When the storage energy reaches the critical value, the next rock burst will occur again under the mining disturbance. It can be seen that the inoculation and occurrence of rock burst is a nonlinear dynamic process of energy accumulation in a stable state and energy release in the unstable state in the coal and rock system [22] .
e energy ΔU released in rock burst is provided by the energy of the rock burst dynamic system. e energy mainly comes from the energy U G that is produced under the tectonic stress field. After the rock burst, there is still some energy left, which is equal to the energy U Z that is produced on the self-weight stress field. When the energy accumulated by the coal and rock system is enough to support the occurrence of rock burst, rock burst will happen under the effect of external mining activity. e energy released by rock burst is provided by the rock burst dynamic system. erefore, it is related to the dimension of the system. e energy released by rock burst and its corresponding system radius R can be obtained under the presumption that the "spheroid" bursts the ground pressure dynamic system:
Analysis of Water Injection into Coal Seam to Prevent Rock Burst in Coal and Rock System
Mechanism of Water Injection into Coal Seam to Prevent
Rock Burst. e occurrence of rock burst is not only related to the mining disturbance but also related to the characteristics of the coal and rock system. e physical and mechanical properties of coal and rock can be changed to prevent the occurrence of rock burst. Because of the structural surface and internal cracks in the coal and rock mass in the coal and rock system, the place of rock burst is often located at the junction of the weak surface or the crack extension. e accumulated elastic energy is released to form rock burst when the stress state becomes unstable. e internal cracks converge, nucleate, and expand during the system instability. erefore, the stress state in the coal seam can be changed by increasing fractures and pore water saturation [23] by water injection. So, the stress and energy concentration of the coal and rock system will be reduced, and this can avoid the occurrence of rock burst. e water injection preventing rock burst in the coal seam is actually a process of water driving gas [24, 25] . e water migration in the coal seam during injection can be regarded as the seepage mechanics problem with the moving interface [26] .
Analysis of Water Migration in Coal Seam during
Injection. Water injection boreholes in the coal seam are generally parallel drilled.
e mechanics model of water injection into the coal seam is shown in Figure 7 . Assuming R is the wetting radius of water injection in the coal seam, R W is the radius of water injection boreholes, and r c is the radius of the water front surface, which is the water interface when 
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it seepages into the coal seam from the borehole changing with time in the process of water injection. e displacement of the water front surface F(R, t) is a function of time t, which can be expressed as
. (10) e velocity of the moving interface is the change rate of displacement with time:
where u is the velocity of fluid particles. From Equation (10), we can derive the following:
Equation (12) is substituted into equation (11), and the water front interface is obtained, that is, the velocity of the water moving forward from the borehole (the radial velocity of the fluid particle):
In order to obtain the radial velocity of fluid particles and calculate the injection time, the seepage equation on both sides of the gas and water interface must be solved.
Considering the circular formation, the outer radius is R. e pressure remains unchanged as the original pressure P g , and the water injection pressure Pw is also constant on the outer boundary r � R. Assume that the formation is homogeneous and isotropic with the permeability k. e viscosity of water is μ w , and the viscosity of gas is μ g . Due to the internal and external boundary pressures remaining unchanged, the injection volume Q generally remains stable. So, it can be considered that the two-phase flow of water and gas is stable seepage. e P c on the water interface can be obtained as follows:
According to Darcy's law, the equations of water and gas seepage velocity are obtained, respectively:
Based on the Dupuit-Forchheimer equation, the motion law of the water and gas interfaces can be obtained by the seepage velocity V:
e integral of Equation (17) can be obtained: 
e radius of the water injection hole r w is very small compared with the outer radius R of the water injection area. Equation (18) can be simplified as follows:
rough Equation (19) , the time needed for water injection in the coal seam with a certain radius R can be calculated. At the same time, we can calculate the radius of water injection according to a certain injection time, which can act as an important basis for determining the layout of boreholes. It is also shown that the length of water injection for the same area depends on the pressure gradient. And the greater the pressure gradient, the less time it takes. When the water injection pressure increases, the coal seam is liable to failure and permeability increases, thus shortening the injection time and improving the water injection efficiency. Water injection time can be determined through the laboratory water injection test. e location where rock burst happened was 1014 m away from the ground and 268 m away from the working interface. According to Equations (8) and (9), the energy ΔU and the system dimensional radius of the Yuejin Mine "3.1" rock burst dynamic system can be obtained.
Rock Outburst System and Water Injection into Coal
According to U � 10 1.695ML+3.18 , the energy ΔU � 4.9 × 10 6 J released by the rock burst dynamic system can be obtained. Dimensional radius of the rock burst dynamic system is 312.84 m.
In Figure 8 , it can be seen that "3.1" bursts ground pressure in the rock burst dynamic system with a radius of 312.84 m, and from December 14, 2006 , when the 25090 working interface had a rock burst when the lower lane extraction adopted 159 m to March 1, 2011 , the lower lane of the 25111 working interface had 14 rock bursts, among which there were 8 rock bursts in the lower lane of the 25090 working interface within the rock burst dynamic system and 6 rock bursts on the 25111 working interface. e occurrence of rock bursts was affected and controlled by system energy. After a rock burst, system energy can exchange, supplement, and store within a certain period. When energy reaches the critical point of rock burst, rock burst will happen again.
erefore, it can be demonstrated that the implementation of the preventive measures of rock burst is of timeliness. It is safe to mine within the period during which preventive measures are implemented. When the period is gone, safety production will be threatened when system energy supplements to a certain extent to which rock burst might occur.
We collected coal samples from the 25110 working surface and cut them to the standard coal specimens in the laboratory.
e compressive strength test of coal specimens after 3, 7, 14, and 21 days of water injection was carried out. As shown in Figure 9 , the coal specimen without water injection presents a sudden brittle failure characteristic, while the coal specimen with water injection is obviously plasticized with the rapid deformation increase. With the rising moisture content, the strength of specimens decreases, despite an increase in a period of immersion time. It can be determined that when the injection and softening period is 14 days, the compressive strength is the lowest, and the specimen will not cause instability failure with the softening rate of 65%.
According to the mining practice of panel 25110 in Yuejin Coal Mine, the parallel water injection boreholes were arranged on the coal wall of the roadway, namely, the coal and rock system, to relieve geostress and prevent rock burst. e radius of the water injection borehole is 90 mm, the distance between the boreholes is 5 m, and the water injection pressure is 20 MPa, and the water injection time is 14 days. After adopting the measure of coal seam water injection, the rock burst disaster has been effectively avoided, and the safe and efficient production of coal mines has been realized.
Conclusions
(1) By measuring and analyzing ground stress of some rock bursts in China, it can be confirmed that stress concentration coefficients of σ 1 , σ 2 , and σ 3 on the tectonic stress field are k 1 � 2, k 2 � 1, and k 3 � 0.7, respectively. (2) e model of the coal and rock system based on the tectonic stress is established. e relationship between the energy of the coal and rock system and the scale radius is determined, and the law of energy accumulation, release, and transfer is revealed. Rock burst is a nonlinear dynamic process of accumulating energy in a stable state and releasing energy in the unstable state. (3) Based on the fluid mechanics and the characteristics of the porous medium of the coal seam, the measure of water injection to relieve geostress in the coal seam was put forward and moving interface theory was used. By changing the stress state of coal and rock, the stress and energy concentration of the coal and rock system is reduced. e relationship between water injection time and flow rate and pressure is determined. March 1, 2011, it can be confirmed that the energy released in the coal and rock system is 4.9 × 10 6 J and spatial radius is 312.84 m. e parallel water injection boreholes were arranged on the coal wall of the roadway, namely, the coal and rock system, to relieve geostress and prevent rock burst. e radius of the water injection borehole is 90 mm, the distance between the boreholes is 5 m, and the water injection pressure is 20 MPa, and the water injection time is 14 days.
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